Introduction
physiological effects in humans and animals, particularly when consumed in large quantities. Plant lectins, which are also called phytohemagglutinins, have been perceived as antinutritional factors together with enzyme inhibitors, mainly due to their adverse effects, i.e., non-pathogenic food-borne poisoning from the consumption of improperly or uncooked legumes (Van Damme et al., 1998; Kenmochi et al., 2015) . In Japan, the "white kidney bean incident" occurred in 2006 following a TV broadcast introducing a new diet with powdered roasted white kidney beans (Phaseolus vulgaris). More than 1,000 viewers who tried the diet suffered from acute intestinal symptoms and 100 people were hospitalized.
Lectins in the white kidney beans were suspected to be the causative agent (Ogawa and Date, 2014) .
Meanwhile, recent extensive researches have revealed that lectins originating from foodstuffs or traditional herbal medicines express many interesting biological functions, including immunomodulating effects (Clement et al., 2010) , selective cytotoxicity against cancer cells (Fu et al., 2011) , antimicrobial and insecticidal activities (Dias et al., 2015) , modulating effect on the intestinal transport system (Yamamoto et al., 2013) , etc. In addition, many lectins are currently being used as important tools in the fields of biochemistry, cell biology and immunology, as well as for diagnostic and physiologic purposes in cancer research.
Furthermore, their applicability as therapeutic agents has been demonstrated in clinical trials (Lam and Ng, 2011) .
It is known that the dietary intake of lectins in humans and
animals can be significant. Hence, the physiological functions of lectins after consumption are receiving increasing attention. The aim of this review is to present the current state of research on lectins as bioactive proteins in foods and feeds in order to provide opportunities for application development.
Lectins as antinutritional factors
It is known that high doses of uncooked or partially cooked kidney beans can cause food poisoning (Banwell et al., 1993; Vasconcelos and Oliveira, 2004) . The adverse effect of the lectin from red kidney beans (P. vulgaris), named PHA, is shown by a loss of epithelial resistance, leading to acute gastroenteritis. Moreover, PHA is fatal when ingested at high concentrations.
Acute symptoms following ingestion include nausea, vomiting and diarrhea. Long-term intake in rodent models is characterized by increased cell turnover, gut hyperplasia and weight loss. Therefore, an effective processing approach must be implemented to inactivate PHA before consumption of PHA-containing legumes as food.
Heating is the traditional processing technique to inactivate PHA; however, PHA is relatively resistant to thermal denaturation (Shi et al., 2007) . Slow cooking without boiling does not eliminate lectin activity, even after heating for 5 h at 91℃; whereas, activity in fully imbibed seeds could be completely abolished by heating at 100℃ for 5 min. Ultra high-pressure treatment (450 MPa) also effectively inactivated PHA (Lu et al., 2015) .
What is the basis of plant lectin food poisoning? Locally, some lectins damage the luminal membranes of the epithelium, interfere with nutrient digestion and absorption, and stimulate shifts in the bacterial flora. Systemically, they disrupt nutrient metabolism, promote enlargement and/or atrophy of internal organs and tissues and alter hormonal and immunological function (Vasconcelos and Oliveira, 2004) . Some plant lectins inhibited exocytosis and repair of the plasma membrane, and hence became toxic to gut epithelial cells wounded by mechanical and other stresses (Miyake et al., 2007) . Such phenomena could be observed with concanavalin A (ConA) and wheat germ agglutinin (lectin) (WGA), which showed binding affinity to cells. Dye entry after laser-induced plasma membrane disruption was evaluated after incubation of cells with several plant lectins. Dye exclusion was inhibited by ConA and WGA, but not by Ulex europaeus agglutinin (lectin) I (UEA) and soybean agglutinin (lectin) (SBA), which showed no cell affinity.
As this result indicates, each lectin has a specific carbohydratebinding activity. Since information encoded in cellular glycoproteins is usually translated into physiological effects via specific binding of lectins with their glycoconjugates, the interference of lectins with different carbohydrate specificities is thought to induce different biological reactions.
Food allergens share characteristic properties such as resistance to gut digestion. Although many lectins show such stability, they have less allergenicity than major allergens. Lectins are regarded as minor allergens in soybean and peanuts (Astwood et al., 1996) .
Disturbances of hormonal homeostasis were observed in animals upon feeding lectins. PHA promoted pancreatic hypertrophy of rats in a dose-dependent manner. This was related to increasing plasma levels of a gut hormone, cholecystokinin (CCK), affecting gastrointestinal function and pancreatic growth (Vasconcelos and Olivera, 2004) . In addition, some legume lectins Although lectin activity, which is easily detected by agglutination against rabbit erythrocytes, can be found in a number of foods and foodstuffs (Tables 1 and 2). As already described, cereals, legumes and tubers usually contain high lectin levels.
While most of these crops are cooked or processed before eating, many lectins can resist digestion, survive gut passage and bind to gastrointestinal cells and/or enter the circulation intact, thereby maintaining full biological activity (Gonzalez de Mejia and Prisecaru, 2005) . For example, soybean contains 4.8 ± 1.6 g/kg of SBA, the activity of which is not altered by heating at 70℃ for up to 90 min (Armour et al., 1998) . It is noteworthy that fruits and vegetables containing lectins are frequently eaten without heating.
Moreover, various kinds of lectins are distributed among fish and shellfish, which are also frequently consumed without heating (Ogawa et al., 2011) . As is evident from historical eating habits, these lectins are harmless or labile against digestion and cooking.
Beneficial effects
While lectins are ubiquitous, toxic effects are rare. For instance, tomato (Lycopersicon esculentum) and mushroom (Agaricus bisporus) are often consumed raw or lightly cooked, and therefore large quantities of their lectins are consumed in an active form. These lectins are known to resist digestion in the gut of rats or humans (Kilpatrick et al., 1985) ; however, they are apparently safe when eaten raw (Rhodes, 1999) . In practice, the dietary intake of lectins is low, and their activity has no measurable negative effect on nutritional performance. It is also true that low amounts of lectins may have some beneficial effects on biological systems, such as promoting gut regrowth after total parenteral nutrition, use as an oral vaccine adjuvant, and use in anticancer therapy (Pusztai and Boedocz, 1997; Vasconcelos and Oliveira, 2004) .
Several recent studies have revealed various biological roles of lectins, which include innate immunity (Dambuza and Brown, 2015) , endocytosis and intracellular transport of vector glycoprotein mechanisms (Yamamoto, 2009) , blocking of HIV infection (Tanaka et al., 2009) , and control of blood protein levels (Rydz et al., 2013) . Therefore, it is not surprising that lectins 
Effects on intestinal transport system
Absorption of nutrients and food factors across the intestinal Each food stuff (1.0 g) was homogenized with 2.0 mL 0.15 M NaCl and centrifuged. The supernatant was used for the hemagglutination assay. The assay was performed by the two-fold serial dilution method on 96-well microtiter plates using a 4% rabbit erythrocyte suspension in 0.15 M NaCl. The results were expressed as the titer values (2 _ n ) that had the maximum dilution for positive hemagglutination. A: Normal sample. Hemagglutination activity (HA) expressed by the titer value. B: Heat-treated sample at 100℃ for 24 min. C: Acid-treated sample. Sample solution (700 μL) was mixed with 100 μL of 1 M HCL. After adjusting the pH to 7.0, HA was measured. D: Pepsin-treated sample. Sample solution (700 μL) was mixed with 100 μL of 1 M HCL, and treated with 0.1 mg of pepsin for 4 h at 37℃. After adjusting the pH to 7.0, HA was measured. ND: HA was not detected. Broccoli, carrot, celery, corn, edible burdock, egg plant, egoma, garden lettuce, garlic's bud, ginger, Japanese apricot, mango, melon, mioga, litchi, loquat, onion, pineapple, pulm, peach, persimmon, radish, salugreen, strawberry, sweet pepper, turnip, whelsh onion, western pear, and white radish sprouts: HA was not detected. HA of some commercial foods were as follows; natto (n = 12), boiled black bean (8), soybean flour (7), steamed sweet potato (7), baked sweet potato (6), and French fries (4). Food samples were prepared as described above. Food lectins were demonstrated to have modulating effects on the transport pathways across human intestinal Caco-2 cell monolayers, which have been used as in vitro models of the human small intestinal epithelium system (Table 3) (Yamamoto et al., 2013) . Con A from jack bean, CGA from Japanese jack bean, PNA from peanut, RBA from rice bran, WGA from wheat germ, ASA from garlic, ABA from white mushroom, AOL from A. oryzae and CSL3 from chum salmon eggs decreased the transepithelial electrical resistance (TER) value, whereas DB1 from yam increased TER. The TER value reflects an effect on the tight junction (TJ)- SBA, CGA and WGA increased isoflavone transport, but had no effect on aglycone transport through Caco-2 cell monolayers.
SBA increased the transport of quercetin glycosides, whereas CGA and WGA had no effect (Ohno et al., 2006) . The lectins increased the transport of calcium ions, but showed no effect on the transport of antioxidant dipeptides, carnosine and anserine. The TJ-mediated paracellular pathway is thought to provide a highly dynamic transport route for certain ions and hydrophilic molecules. Among the lectins tested, CSL3 showed the most prominent effects toward various transport systems (Yamamoto et al., 2013) .
CSL3 is an L-rhamnose binding lectin contained in chum salmon (Oncorhynchus keta) eggs (Ikura), which is widely consumed as caviar in Japan and other countries. CSL3 is a homodimer of two Hemagglutination assay was performed as described in Table 1 except for the heat treatment. The results were expressed as the titer values (2 _ n ) that had the maximum dilution for positive hemagglutination. A: Normal sample. Hemagglutination activity (HA) expressed by the titer value. B: Heat-treated sample at 60℃ for 60 min. C: Acid-treated sample. Sample solution (700 μL) was mixed with 100 μL of 1 M HCL. After adjusting the pH to 7.0, HA was measured. D: Pepsin-treated sample. Sample solution (700 μL) was mixed with 100 μL of 1 M HCL, and treated with 0.1 mg of pepsin for 4 h at 37℃. After adjusting the pH to 7.0, HA was measured. ND: HA was not detected. Muscle of jack mackerel, sea bream, and sardine showed no HA, but black rock fish and sea robin showed HA, n = 10 and 4, respectively. Commercial salted herring roe and ikura gave HA, n = 10 and 2, respectively. 20 kDa subunits with an overall dumbbell-like shape (Shirai et al., 2009) . To gain insight into the function of food lectins, the effect of CSL3 on TJ of Caco-2 cell monolayers was explored in more detail (Nemoto et al., 2014) . CSL3 decreased the TER value significantly after 2-h incubation. This effect continued until 6-h incubation and was strengthened in a concentration-dependent manner. The addition of 10 mM L-rhamnose quickly reversed the decrease in TER value by CSL3 to the control level, indicating that the effect was specific for sugar binding. CSL3 increased intracellular Ca 2+ significantly after 2-h incubation in a dosedependent manner, resulting in depolymerization of β-actin in the cytoskeleton, thereby causing reversible TJ structural and functional disruption without affecting the expression of TJ proteins such as claudin-1 (Nemoto et al., 2014) .
The effects of food lectins on the transport system were confirmed using male Wister rats (unpublished data). Rats were fed 10 _ 100 μg of lectins once a day for a week, and were administered quercetin glycosides or isoflavone glycosides (100 mg/kg body weight) orally after fasting overnight. As a result, SBA increased the absorption of quercetin and isoflavones, whereas WGA did not show a significant effect. Histological observation showed that the lectins did not cause morphological changes in the small intestine at the doses tested.
Insecticidal activity
Plant lectins have been regarded as natural defense molecules against herbivorous animals due to their adverse effects on the gut system (Sharon and Lis, 1998) . Similarly, plant lectins, which are resistant to digestive enzymes and bind to the insect gut, exhibit insecticidal activity against a large array of insect species (Ohizumi et al., 2009) . The effects of lectins following ingestion by insect larvae include growth inhibition, reduced size and weight gain, interference in female fecundity, as well as reduced pupation and percentage of adult emergence, and increased total developmental time, which in some cases resulted in the death of the insect larvae.
Such lectins are suggested to be promising agents against insect pests and have been engineered successfully into a variety of crops (Kato et al., 2010) . This approach could be used as part of an integrated pest management strategy and caveat pest attack. GNA, a mannose-binding lectin from the bulb of snowdrop (Galanthus The effects were investigated by using fluorescent markers: Lucifer yellow for the paracellular pathway (TJ), fluorescein for the monocarboxylic acid transporter-mediated pathway (MCT), rhodamine 123 for P-glycoprotein-mediated efflux pathway (P-gp), and calcein (CA) for the multidrug resistance associated protein-related efflux pathways (MRPs). For CA transport experiment, the cell monolayers were pre-incubated with CA for 30 min and incubated with lectin solutions after washing the monolayers. The lection solutions were added only to the apical compartment. After incubating for 2 h, CA contained in the apical and basolateral solutions, and the monolayers were quantitated by fluorescence analysis. Arrows indicate up-regulation and down-regulation, respectively. GalNAc, N-acetyl-D-galactosamine; Gal, D-galactose; Man, D-mannose; Glc, D-glucose; GlcNAc, N-acetyl-D-glucosamine; Rha, L-rhamnose; Fuc, L-fucose; Mal, maltose. Table 3 . Effects of lectins on the transport system of human intestinal Caco-2 cell monolayers.
nivalis), has been extensively studied for application to transgenic plants, including wheat, rice, potatoes and tobacco.
A mannose-binding lectin (DB1) homologous in structure to GNA accounts for 20% of the total tuber protein in yam (Dioscorea batatas) (Ohizumi et al., 2009) . DB1 inhibited the adult emergence of Helicoverpa armigera larvae by avidly binding to the larval brush border and peritrophic membrane. It is noteworthy that yam tubers can be stored for a year after harvesting, despite its high water content, and are generally consumed without cooking in Japan. DB1 has been applied to transgenic tobacco and rice to confer resistance to insect pests (Yoshimura et al., 2012) .
Antitumor activity
Lectins are important tools in the fields of biochemistry, cell biology and immunology for differential glycan profiling (Lam and Ng, 2011) . In recent years, they have been utilized as sophisticated microarrays to evaluate glycan-related biomarkers on malignant tumors and various types of stem cells (Hirabayashi et al., 2013) . 
Immunomodulating effects
Nowell's discovery of the mitogenic activity of PHA on lymphocytes had a huge impact on various research fields, including immunology and cell biology, since lymphocytes had previously been regarded as terminal cells that could neither divide nor differentiate (Sharon and Lis, 1998) . Since then, many mitogenic lectins have been isolated and characterized. These lectins are taken up into the gut barrier and subsequently transported throughout the body, resulting in antibody production and other immunological effects. PHA and several other common lectins induced human basophils to secrete interleukin-4 (IL-4) and IL-13, the key promoters of T helper type (Th2) cell responses and IgE synthesis (Vasconcelos and Oliveira, 2004) .
Garlic (Allium sativum), an important medicinal spice, displays a plethora of biological effects, including immunomodulation.
Garlic lectins, ASA I and ASA II, are contained in the bulb as major proteins, and belong to the monocot mannose-specific lectins. Garlic lectins non-specifically activated mast cells and basophils in atopic subjects as a result of the higher density of IgE (Clement et al., 2010) . More atopic subjects showed positive reaction in the skin prick test using garlic lectins than non-atopic (normal) subjects. These results suggest that ASAs are potent mitogens with potential utility in therapeutic immunomodulation, especially because they are derived from a safe dietary source.
Lectins from other Allium sp. exert similar immunomodulating effects (Yamazaki et al., 2016) .
Antimicrobial activity
Mannose-binding lectins exhibit significant activity against 
